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The synthesis of a variety of symmetrical bis(alkyl) and bis(fluoroalkyl) disulfides as well asmixed alkyl
fluoroalkyl disulfides containing ester or amide groups is described. Self-assembled monolayers of these
compounds on gold formed by spontaneous adsorption from solution are studied by contact angle
measurementsandpolarizedgrazing incidenceFourier transforminfraredspectroscopy (FTIR). The contact
angles indicate tight packing of the molecules and the incorporation of both alkyl and fluoroalkyl chains
in the monolayers. By means of FTIR, the typical tilted orientation of the alkyl chains is confirmed for
monolayers derived from symmetrical alkyl disulfides, whereas, in self-assembled monolayers of the
symmetrical fluorocarbon and the mixed disulfides, the molecules are oriented much closer to the surface
normal direction. The wetting properties and the FTIR spectra of monolayers formed by coadsorption of
an n-alkanethiol and a perfluorinated thiol are comparable to those formed by the self-assembly of the
corresponding mixed disulfide. There is no indication for phase separation in any of the systems studied
at room temperature. The mixed alkyl fluoroalkyl disulfides promise to form suitable monolayers on gold
for the investigation of heat-induced phase separation on the gold surface.
Introduction
For over a decade self-assembled monolayers (SAMs)
have been subject of numerous studies.1-4 Especially the
spontaneous adsorption of thiols and disulfides onto gold
has been thoroughly investigated. The interest in these
systems stems fromthe ease of their preparation, thehigh
order of the assemblies, and the possibility to introduce
a vast number of functional groups at the monolayer
surface. Thus, much effort is put into investigation of
possible applications innumerous fields. Therehavebeen
intensive studies on sensor and device applications,5,6
patterning and nanolithographic techniques,7,8 surface
reactions,9,10 molecular recognition on the surface,11 and
electrode modifications.12
The structure of thiol and disulfide monolayers on gold
and the interaction of these molecules with the metal
surface are still under discussion. X-ray photoelectron
spectroscopy (XPS) has confirmed that corresponding
thiols and disulfides give rise to the same surface-bound
species.13 Fromexchangeexperiments14 and timeof flight
secundary ionmass spectrometry (TOF-SIMS)15 different
authors concluded the existence of a thiolate. The
generally accepted reaction for the assembly of thiols and
disulfides on gold 3 (see Figure 1), and especially the
identification of the actualmolecular species bound to the
gold, has been questioned recently. Fenter et al.16
postulated the existence of a disulfide bound to the gold.
It is well established in the literature that annealing
at elevated temperatures can lead toa significant increase
in theorderof self-assembledmonolayersofn-alkanethiols
on gold.17 In addition, different groups reported the
disappearance of the typical defect structures in the
annealed gold substrates.18-20 The mobility of thiolate
residues17 or the mobility of gold-thiolate complexes20
was assumed to explain the intact monolayers on top of
the gold substrate which is altered by annealing.
Our objective is to investigate the mobility of thiolates
on the gold at higher temperatures and to try to directly
prove the cleavage of the sulfur-sulfur bond of the
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Figure 1. Widely accepted reaction scheme for the reaction of
alkanethiols and alkyl disulfides with the gold surface in the
process of monolayer formation. Thiols and disulfides give rise
to identical monolayers.
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disulfide in the reaction with the gold using mixed alkyl
perfluoroalkyl disulfides. The incorporation of long alkyl
and fluoroalkyl chainsmakes ithighlyprobable thatphase
separation can occur in these monolayers at elevated
temperatures, since this has been observed both in
liposomesandmonolayersat theair-water interface even
at roomtemperature.21,22 Given that disulfides dissociate
in the reaction with the gold and the molecules adsorbed
to thegoldbecomemobile at elevated temperatures, phase
separation into monodomains should be feasible (see
schematic drawing in Figure 2).
In contrast, the formation of monodomains in coad-
sorption experiments from solutions containing two dif-
ferent thiols is highly improbable. Folkers et al.23 have
shown that in monolayers being in contact with the
assembly solutiononly oneof two thiols present in solution
should be adsorbed to the surface in thermodynamical
equilibrium. In contradiction to this, phase separation
hasbeenpreviously reported in the literature for a similar
experiment.24,25
In this paper we report on the synthesis of mixed alkyl
fluoroalkyl disulfides together with the corresponding
symmetrical compounds, and the investigations of freshly
prepared self-assembled monolayers of these disulfides
on gold. We will concentrate on the characterization of
the freshly prepared monolayers, since the incorporation
of functional groups such as esters midway in the alkyl
chain and the effects of these groups on the monolayer
structurehavenot been studied indetail until recently.4,26
First atomic force microscopy (AFM) experiments with
monolayers of 1, 2, 5, 9, and 13 on gold(111) at room
temperature did not give any hints for a possible phase
separation.26 The questions of thermal stability of the
monolayers, mobility ofmolecules on the surface, and the
possible phase separation in the self-assembled mono-
layers of mixed alkyl fluoroalkyl disulfides will be ad-
dressed in more detail in a following paper.27
Experimental Section
General Methods. The 1H-NMR spectra were recorded on
a Bruker FT-NMR spectrometer AC 200 (200 MHz). Chemical
shifts are reported in ppm relative to chloroform (ä ) 7.24). The
field desorption (FD) mass spectrometry was performed on a
MAT 10 Finnegan field desorption mass spectrometer. The
elemental analyses were performed by the Mikroanalysis Labo-
ratories, Universita¨t Mainz. Melting points were measured in
a Bu¨schi melting point apparatus and are not corrected.
PreparationofSubstrates. Gold substrateswere prepared
by evaporation of approximately 3 nm of chromium followed by
120 nmof gold onto cleaned glass slides28 in a vacuumof 5 10-6
mbar in a Balzer evaporation machine.
Preparation of Monolayers. Monolayers were formed by
immersing the gold substrates into a dilute solution (2  10-4
M) of the corresponding compound inmethylene chloride. After
incubation of 24 h or longer, the samples were removed from the
solution, rinsed carefully with pure solvent, and dried in a
nitrogen stream. Measurements were performed immediately
after the monolayer preparation.
ContactAngleMeasurements. Theadvancingandreceding
contact angles ıa and ır were measured with Millipore water as
a probe liquid on a contact angle microscope (G-1, Kru¨ss,
Hamburg). A drop of a few microliters was placed on the
monolayer. While the needle was still in contact with the drop,
the volume of the drop was changed until the drop began to
move.3b Readings were taken just before the drop moved over
the surface at least three times on both sides of the drop at three
different locations of the sample. These values were then
averagedoverat least threedifferentmonolayers. Thehysteresis
was calculated as -(¢ cos ı).29
Polarized Fourier Transform Infrared Spectroscopy
(FTIR) in Grazing Incidence. The IR data were obtained on
a Nicolet 5DXC FTIR spectrometer which was equipped with
a FT80 specular reflectance setup (Spectratech Inc.). The
chamber of the instrumentwaspurgedwith dry air. The spectra
were taken with a resolution of 4 cm-1 (2000 scans). Finally
they were baseline corrected.30 The absorption for CO2 and
sometimes water cannot be totally avoided.
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Figure 2. Proposed scenario for self-assembly on the gold
surface and possible heat-induced phase separation for mixed
disulfides containing long chains that tend to phase separate.
Figure 3. Overview of synthesized compounds and abbrevia-
tions.
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Synthesis of disulfides 1-20. The synthesis of compounds
1 and 2 has already been described.26
Bis(2,2′-dithioethyl) docosanoate (3) was synthesized
following a standard procedure.31 Bis(2-hydroxyethyl) disulfide
(Merck) (24 mg) was reacted with 106 mg of docosanoic acid
(Merck), 63mgof dicyclohexylcarbodiimide (DCC) (Aldrich), and
10 mg of dimethylaminopyridine (DMAP) (Aldrich) in 15 mL of
dichloromethane for three days. Flash chromatography (silica,
eluent ) chloroform) yielded 54 mg of bis(2,2′-dithioethyl)
docosanoate (yield: 43%). Characterization: white solid. Melt-
ing point: 80 °C. Rf (CHCl3): 0.61. 1H-NMR (200MHz, CDCl3):
ä [ppm]4.32 (t, 4H,OCH2), 2.91 (t, 4H,SCH2), 2.31 (t, 4H,COCH2),
1.60 (m, 4H, CH2), 1.24 (m, 72H, CH2), 0.87 (t, 6H, CH3).
Elemental anal. Calcd (for C48H94O4S2, 799.42 g/mol): C, 72.12;
H, 11.85; O, 8.01; S, 8.02. Found: C, 71.94; H, 12.19; S, 8.05.
Field Desorption Mass Spectrometry (FD-Mass): m/z ) 799.2.
Bis(2,2′-dithioethyl) perfluorodecanoate (4) can be ob-
tained in the reaction of 0.250 g of bis(2-hydroxyethyl) disulfide
(Merck), 1.90 g of perfluorodecanoic acid (Janssen), 0.73 g of
DCC, and 0.05 g of DMAP in 75 mL of dichloromethane. The
crude product is purified by flash chromatography (silica,
chloroform) and subsequent preparative thin layer chromato-
graphy. Yield: 0.454 g (24%). Characterization: white solid.
Melting point: 68 °C. Rf (CHCl3): 0.71. 1H-NMR (200 MHz,
CDCl3): ä [ppm] 4.63 (t, 4H, OCH2), 3.01 (t, 4H, SCH2). FD-
Mass: m/z ) 1146.5.
The synthesis of compound 5 has been described previously.26
3,3′-Dithiopropionic acid 1H,1H,2H,2H-perfluorodecyl
ester (6)was obtained by reacting 1.00 g of 3,3′-dithiopropionic
acid with 4.44 g of 1H,1H,2H,2H-perfluorodecanol (Riedel de
Haen), 2.06 g of DCC and 100 mg of DMAP in 50 mL of
dimethylformamide (DMF) for 24 h at room temperature.
Purification of the reaction mixture by flash chromatography
gave 1.74 g of 3,3′-dithiopropionic acid 1H,1H,2H,2H-perfluo-
rodecyl ester (33%). Characterization: white solid. Melting
point: 63 °C. Rf (CHCl3): 0.84. 1H-NMR (200 MHz, CDCl3): ä
[ppm] 4.40 (t, 4H,OCH2), 2.91 (t, 4H,SCH2), 2.75 (t, 4H,COCH2),
2.3-2.6 (m, 4H, CF2CH2). Elemental anal. Calcd (for C26H16-
F34O4S2, 1102.50 g/mol): C, 28.33; H, 1.46; F, 58.59; O, 3.10; S,
5.82. Found: C, 28.54;H, 3.01; S, 6.73. FD-Mass: m/z)1103.4.
Compounds 7-17 were synthesized according to the same
proceduresdescribedpreviously.26 Bis(2-hydroxyethyl) disulfide
was reacted with the corresponding carboxylic acid, DCC, and
DMAP to yield the monoester and the diester. The monoester
of bis(2-hydroxyethyl) disulfide was isolated and reacted in the
same way with a perfluorinated or a partially fluorinated
carboxylic acid to give thedesiredmixeddisulfide. The following
paragraph summarizes the yields and characterization data.
2-Hydroxyethyl 2′-(Octanoyloxy)ethyl Disulfide (7a).
Yield: 80%. Characterization: colorless viscous liquid. Rf
(CHCl3): 0.12. 1H-NMR (200MHz, CDCl3): ä [ppm] 4.34 (t, 2H,
OCH2), 3.87 (m, 2H, CH2OH), 2.91 (t, 2H, SCH2), 2.87 (t, 2H,
SCH2), 2.31 (t, 2H, COCH2), 2.08 (s, 1H, OH), 1.60 (m, 2H, CH2),
1.26 (m, 8H, CH2), 0.87 (t, 3H, CH3) .
2-(Octanoyloxy)ethyl 2′-(Perfluorodecanoyloxy)ethyl Dis-
ulfide (7). Yield: 32%. Characterization: white solid. Melting
point: 40 °C. Rf (CHCl3): 0.67; 1H-NMR (200 MHz, CDCl3): ä
[ppm] 4.62 (t, 2H, CF2COOCH2), 4.32 (t, 2H, CH2COOCH2), 2.98
(t, 2H, SCH2), 2.92 (t, 2H, SCH2), 2.30 (t, 2H, COCH2), 1.61 (m,
2H, CH2), 1.26 (m, 8H, CH2), 0.86 (t, 3H, CH3).
2-(Decanoyloxy)ethyl 2′-Hydroxyethyl Disulfide (8a).
Yield: 35%. Characterization: white solid. Melting point: 35
°C. Rf (CHCl3): 0.17. 1H-NMR (200MHz, CDCl3): ä [ppm] 4.37
(t, 2H, OCH2), 3.88 (m, 2H, CH2OH), 2.91 (t, 2H, SCH2), 2.87 (t,
2H, SCH2), 2.31 (t, 2H, COCH2), 2.08 (s, 1H, OH), 1.61 (m, 2H,
CH2), 1.24 (m, 12H, CH2), 0.87 (t, 3H, CH3).
2-(Decanoyloxy)ethyl 2′-(Perfluorodecanoyloxy)ethyl
Disulfide (8). Yield: 21%. Characterization: white solid.
Melting point: 49 °C. Rf (CHCl3): 0.77. 1H-NMR (200 MHz,
CDCl3): ä [ppm] 4.63 (t, 2H, CF2COOCH2), 4.33 (t, 2H, CH2-
COOCH2), 2.99 (t, 2H, SCH2), 2.93 (t, 2H, SCH2), 2.31 (t, 2H,
COCH2), 1.61 (m, 2H, CH2), 1.25 (m, 12H, CH2), 0.87 (t, 3H,
CH3). Elemental anal. Calcd (for C24H27F19O4S2, 804.59 g/mol):
C, 35.83; H, 3.38; F, 44.86; O, 7.95; S, 7.97. Found: C, 36.95; H,
3.91; S, 10.33. FD-Mass: m/z ) 804.5.
2-(Dodecanoyloxy)ethyl 2′-(Perfluorodecanoyloxy)eth-
ylDisulfide (9). The synthesis has beendescribedpreviously.26
2-Hydroxyethyl 2′-(Tetradecanoyloxy)ethyl Disulfide
(10a). Yield: 24%. Characterization: white solid. Melting
point: 54 °C. Rf (CHCl3): 0.14. 1H-NMR (200 MHz, CDCl3): ä
[ppm]4.34 (t, 2H,OCH2), 3.87 (q, 2H,CH2OH), 2.91 (t, 2H,SCH2),
2.88 (t, 2H, SCH2), 2.31 (t, 2H, COCH2), 2.08 (t, 1H, OH), 1.60
(m, 2H, CH2), 1.24 (m, 20H, CH2), 0.87 (t, 3H, CH3).
2-(Perfluorodecanoyloxy)ethyl 2′-(Tetradecanoyloxy)-
ethyl Disulfide (10). Yield: 34%. Characterization: white
solid. Melting point: 62 °C. Rf (CHCl3): 0.62. 1H-NMR (200
MHz, CDCl3): ä [ppm] 4.63 (t, 2H, CF2C(O)OCH2), 4.32 (t, 2H,
CH2C(O)OCH2), 2.99 (t, 2H, -CH2), 2.93 (t, 2H, SCH2), 2.31 (t,
2H, COCH2), 1.61 (m, 2H, CH2), 1.24 (m, 20H, CH2), 0.87 (t, 3H,
CH3). Elemental anal. Calcd (for C28H35F19O4S2, 860.73 g/mol):
C, 39.07; H, 4.10; F, 41.94; O, 7.44; S, 7.45. Found: C, 40.11; H,
4.89; S, 8.10. FD-Mass: m/z ) 860.3.
2-(Hexadecanoyloxy)ethyl 2′-Hydroxyethyl Disulfide
(11a). Yield: 24%. Characterization: white solid. Melting
point: 60 °C. Rf (CHCl3): 0.14. 1H-NMR (200 MHz, CDCl3): ä
[ppm]4.34 (t, 2H,OCH2), 3.87 (q, 2H,CH2OH), 2.91 (t, 2H,SCH2),
2.87 (t, 2H, SCH2), 2.31 (t, 2H, COCH2), 2.10 (t, 1H, OH), 1.60
(m, 2H, CH2), 1.24 (m, 24H, CH2), 0.87 (t, 3H, CH3).
2-(Hexadecanoyloxy)ethyl 2′-(Perfluorodecanoyloxy)-
ethyl Disulfide (11). Yield: 34%. Characterization: white
solid. Melting point: 67 °C. Rf (CHCl3): 0.63. 1H-NMR (200
MHz, CDCl3): ä [ppm] 4.63 (t, 2H, CF2C(O)OCH2), 4.33 (t, 2H,
CH2C(O)OCH2), 2.99 (t, 2H, SCH2), 2.93 (t, 2H, SCH2), 2.31 (t,
2H, COCH2), 1.61 (m, 2H, CH2), 1.24 (m, 24H, CH2), 0.87 (t, 3H,
CH3). Elemental anal. Calcd (for C30H39F19O4S2, 888.78 g/mol):
C, 40.54; H, 4.42; F, 40.62; O, 7.20; S, 7.22. Found: C, 40.59; H,
4.47; S, 7.47. FD-Mass: m/z ) 888.4.
2-Hydroxyethyl 2′-(Octadecanoyloxy)ethyl Disulfide
(12a). Yield: 68%. Characterization: white solid. Melting
point: 69 °C. Rf (CHCl3): 0.10. 1H-NMR (200 MHz, CDCl3): ä
[ppm] 4.34 (t, 2H, OCH2), 3.87 (m, 2H, CH2OH), 2.92 (t, 2H,
SCH2), 2.88 (t, 2H, SCH2), 2.31 (t, 2H, COCH2), 2.08 (s, 1H, OH),
1.61 (m, 2H, CH2), 1.24 (m, 28H, CH2), 0.87 (t, 3H, CH3).
2-(Octadecanoyloxy)ethyl 2′-(Perfluorodecanoyloxy)-
ethyl Disulfide (12). Yield: 74%. Characterization: white
solid. Melting point: 71 °C. Rf (CHCl3): 0.68. 1H-NMR (200
MHz, CDCl3): ä [ppm] 4.63 (t, 2H, CF2C(O)OCH2), 4.32 (t, 2H,
CH2C(O)OCH2), 2.98 (t, 2H, SCH2), 2.93 (t, 2H, SCH2), 2.31 (t,
2H, COCH2), 1.61 (m, 2H, CH2), 1.24 (m, 28H, CH2), 0.87 (t, 3H,
CH3). Elemental anal. Calcd (for C32H43F19O4S2, 916.78 g/mol):
C, 41.92; H, 4.73; F, 39.37; O, 6.98; S, 6.99. Found: C, 41.79; H,
4.86; S, 6.74. FD-Mass: m/z ) 916.1.
2-(1H,1H,2H,2H-Perfluoroundecanoyloxy)ethyl 2′-(Un-
decanoyloxy)ethyl Disulfide (13). The synthesis has been
described previously.26
2-(Dodecanoyloxy)ethyl 2′-(1H,1H,2H,2H-perfluoroun-
decanoyloxy)ethyl Disulfide (14). Yield: 57%. Characteri-
zation: white solid. Melting point 45 °C. Rf (CHCl3): 0.53. 1H-
NMR (200 MHz, CDCl3): ä [ppm] 4.38 (t, 2H, CF2CH2CH2C-
(O)OCH2), 4.32 (t, 2H, CH2C(O)OCH2), 2.92 (t, 4H, SCH2), 2.63
(t, 2H, COCH2CH2CF2), 2.45 (m, 2H, CF2CH2), 2.31 (t, 2H,
COCH2RH), 1.61 (m, 2H, CH2), 1.25 (m, 16H, CH2), 0.87 (t, 3H,
CH3). Elemental anal. Calcd (for C27H35F17O4S2, 810.69 g/mol):
C, 40.00; H, 4.35; F, 39.84; O, 7.89; S, 7.91. Found: C, 40.39; H,
5.14; S, 9.08. FD-Mass: m/z ) 810.6.
2-(1H,1H,2H,2H-Perfluoroundecanoyloxy)ethyl 2′-(Tet-
radecanoyloxy)ethylDisulfide (15). Yield: 83%. Characteri-
zation: white solid. Melting point 51 °C. Rf (CHCl3): 0.53. 1H-
NMR (200 MHz, CDCl3): ä [ppm] 4.39 (t, 2H, CF2CH2CH2C-
(O)OCH2), 4.32 (t, 2H, CH2C(O)OCH2), 2.92 (t, 4H, SCH2), 2.63
(t, 2H, COCH2CH2CF2), 2.45 (m, 2H, CF2CH2), 2.31 (t, 2H,
COCH2RH), 1.59 (m, 2H, CH2), 1.25 (m, 20H, CH2), 0.87 (t, 3H,
CH3). Elemental anal. Calcd (for C29H39F17O4S2, 838.74 g/mol):
C, 41.53; H, 4.69; F, 38.51; O, 7.63; S, 7.65. Found: C, 41.12; H,
5.22; S, 10.70. FD-Mass: m/z ) 838.5.
2-(Hexadecanoyloxy)ethyl 2′-(1H,1H,2H,2H-Perfluoroun-
decanoyloxy)ethyl Disulfide (16). Yield: 40%. Characteri-
zation: white solid. Melting point: 54 °C. Rf (CHCl3): 0.59.
1H-NMR (200 MHz, CDCl3): ä [ppm] 4.38 (t, 2H, CF2CH2CH2C-
(O)OCH2), 4.32 (t, 2H, CH2C(O)OCH2), 2.91 (t, 4H, SCH2), 2.64
(t, 2H, COCH2CH2CF2), 2.47 (m, 2H, CF2CH2), 2.31 (t, 2H,
COCH2RH), 1.62 (m, 2H, CH2), 1.24 (m, 24H, CH2), 0.87 (t, 3H,
CH3). Elemental anal. Calcd (for C31H43F17O4S2, 866.80 g/mol):
C, 42.96; H, 5.00; F, 37.26; O, 7.38; S, 7.40. Found: C, 42.85; H,
5.51; S, 8.46. FD-Mass: m/z ) 866.5.(31) Hassner, A.; Alexanian, V. Tetrahedron Lett. 1978, 46, 4475.
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2-(Octadecanoyloxy)ethyl 2′-(1H,1H,2H,2H-Perfluoroun-
decanoyloxy)ethyl Disulfide (17). Yield: 24%. Characteri-
zation: white solid. Melting point: 63 °C. Rf (CHCl3): 0.59.
1H-NMR (200 MHz, CDCl3): ä [ppm] 4.39 (t, 2H, CF2CH2CH2C-
(O)OCH2), 4.32 (t, 2H, CH2C(O)OCH2), 2.92 (t, 4H, SCH2), 2.63
(t, 2H, COCH2CH2CF2), 2.45 (m, 2H, CF2CH2), 2.31 (t, 2H,
COCH2RH), 1.59 (m, 2H, CH2), 1.25 (m, 28H, CH2), 0.87 (t, 3H,
CH3). FD-Mass: m/z ) 894.5.
Compounds 18-20 were synthesized following a different
procedure.32 A n-alkanethiol was reacted with an equimolar
amount of diethyl azodicarboxylate in dry diethyl ether at room
temperature. The adduct was isolated and purified by flash
chromatography. Byrefluxing theadductwithperfluorononanoic
acid (mercaptoethyl)amide33 in dichloromethane the mixed
disulfide was obtained and could be purified by column chro-
matography (silica, chloroform).
DiethylN-(Dodecylthio)-N′-(H)-azodicarboxylate (18a).
Yield: 27%. Characterization: colorless liquid. Rf (CHCl3) )
0.16. 1H-NMR (200MHz,CDCl3): ä [ppm] 6.90 (s, 1H,NH), 4.21
(m, 4H, COCH2), 2.97 (t, 2H, SCH2), 1.61 (m, 2H, CH2), 1.25 (m,
24H, CH2, CH3), 0.87 (t, 3H, CH3).
Dodecyl 2-(Perfluorononanoylamino)ethyl Disulfide
(18). Yield: 37%. Characterization: white solid. Melting
point: 100 °C. Rf (CHCl3): 0.71. 1H-NMR (200 MHz, CDCl3):
ä [ppm] 6.84 (s, 1H,NH), 3.75 (q, 2H,NHCH2), 2.81 (t, 2H,SCH2),
2.69 (t, 2H, SCH2), 1.67 (m, 2H, CH2), 1.25 (m, 18H, CH2), 0.87
(t, 3H,CH3). Elemental anal. Calcd (forC23H30F17NOS2, 723.61
g/mol): C, 38.18; H, 4.18; F, 44.63; N, 1.94; O, 2.21; S, 8.86.
Found: C, 38.25; H, 4.16; S, 8.42. FD-Mass: m/z ) 723.2.
DiethylN-(Hexadecylthio)-N′-(H)-azodicarboxylate (19a).
Yield: 59%. Characterization: white solid. Melting point: 50
°C. Rf (CHCl3) ) 0.15. 1H-NMR (200 MHz, CDCl3): ä [ppm]
6.90 (s, 1H, NH), 4.21 (m, 4H, COCH2), 2.97 (t, 2H, SCH2), 1.61
(m, 2H, CH2), 1.25 (m, 32H, CH2, CH3), 0.87 (t, 3H, CH3).
Hexadecyl 2-(Perfluorononanoylamino)ethylDisulfide
(19). Yield: 19%. Characterization: white solid. Melting
point: 102 °C. Rf (CHCl3): 0.63. 1H-NMR (200 MHz, CDCl3):
ä [ppm] 6.82 (s, 1H, NH), 3.75 (q, 2H, NCH2), 2.82 (t, 2H, SCH2),
2.69 (t, 2H, SCH2), 1.67 (m, 2H, CH2), 1.24 (m, 28H, CH2), 0.87
(t, 3H, CH3). FD-Mass: m/z )779.5.
DiethylN-(Octadecylthio)-N′-(H)-azodicarboxylate (20a).
Yield: 14%. Characterization: white solid. Melting point: 43
°C. Rf (CHCl3) ) 0.10. 1H-NMR (200 MHz, CDCl3): ä [ppm]
6.90 (s, 1H, NH), 4.21 (m, 4H, COCH2), 2.97 (t, 2H, SCH2), 1.61
(m, 2H, CH2), 1.24 (m, 36H, CH2, CH3), 0.86 (t, 3H, CH3).
Octadecyl 2-(Perfluorononanoylamino)ethyl Disulfide
(20). Yield: 15%. Characterization: white solid. Melting
point: 103 °C. Rf (CHCl3): 0.67. 1H-NMR (200 MHz, CDCl3):
ä [ppm] 6.82 (s, 1H, NH), 3.75 (q, 2H, NCH2), 2.82 (t, 2H, SCH2),
2.69 (t, 2H, SCH2), 1.67 (m, 2H, CH2), 1.24 (m, 32H, CH2), 0.87
(t, 3H, CH3). FD-Mass: m/z ) 807.7.
Results and Discussion
All the disulfides investigated in this study form
monolayersongoldbyspontaneousassembly fromsolution
(“self-assembly”). This can be seen from the reproducible
values obtained in contact angle measurements on dif-
ferent gold substrates. The values for the advancing and
receding contact angles, ıa and ır, of self-assembled
monolayers of all investigated disulfides are summarized
in Tables 1-4. In addition, the values obtained for
monolayers of octadecanethiol are given as well.
For the symmetrically substituteddisulfidesweobserve
contact angles that essentiallymatch the expected values
for methyl-terminated monolayers (109-112°)3,34 or per-
fluoromethyl-terminatedSAMs (118°).3,35 Due to theester
linkage, the bisalkyl disulfide 1 forms considerably less
ordered monolayers compared to n-alkanethiols of com-
parable chain length; the advancing contact angle is often
as low as 100-102°. Annealing these disordered mono-
layers inair at temperatures of 60-80 °C for several hours
leads to improved order (ıa ) 105°). For very long alkyl
chains the disturbing effect of the ester linkage is
overcome. The contact angles indicatevery tightlypacked
monolayers of crystalline-like alkyl chains.36 Thehighest
values for the contact angles are observed for the per-
fluorinated disulfides 4-6. This is in accordance with
investigations on perfluorinated thiols.35
The three homologous series of mixed alkyl perfluoro-
alkyl disulfides (7-12;13-17;18-20) show intermediate
wetting properties compared to the corresponding sym-
metrical compounds. The influence of the length of the
alkyl chain is obvious in all series: The advancing contact
angle decreases with increasing number of meth-
ylenegroups in the chain. At thesametime thehysteresis,
as a measure of surface roughness or inhomogenity,3b
increases. The intermediate contact angles strongly
indicate that both hydrocarbon and fluorocarbon chains
are incorporated in the SAMs. This interpretation is
backed up by AFM investigations. In a detailed AFM
study26 of freshly prepared SAMs of compounds 1, 2, 5, 9,
and 13 at room temperature, as already mentioned, it
was shown that the two-dimensional lattices could be
imagedwithmolecular resolution. The type of latticewas
(32) Mukaiyama,T.; Takahashi,K.TetrahedronLett.1968,56, 5907.
(33) Lenk, T. J.; Hallmark, V. M.; Hoffman, C. L.; Rabolt, J. F.;
Castner, D. G.; Erdelen, C.; Ringsdorf, H. Langmuir 1994, 10, 4610.
(34) Bain, C. D.; Whitesides, G. M. Adv. Mater. 1989, 4, 110.
(35) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides,
G. M. J. Am. Chem. Soc. 1989, 111, 321.
(36) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D. J.
Am. Chem. Soc. 1987, 109, 3559.
Table 1. Contact Angles (H2O) of SAMs of Symmetrically
Substituted Bis(alkyl) and Bis(perfluoroalkyl) Disulfides
compound
(CH2)n
n
(CF2)n
n
ıa
(deg)
ır
(deg) hysteresisa
1 10 102b 90b 0.208b
106 96 0.171
2 16 108 101 0.118
3 20 108 101 0.118
octadecanethiol 17 109 102 0.118
4 8 116 109 0.113
5 7 116 107 0.146
6 7 117 107 0.162
a Thehysteresis is calculatedas-(¢ cosı). b Monolayers of lower
quality; for details see text.
Table 2. Contact Angles (H2O) of SAMs of Mixed
2-(Alkanoyloxy)ethyl 2′-(Perfluorodecanoyloxy)ethyl
Disulfides
compound
(CH2)n
n
(CF2)n
n ıa (deg) ır (deg) hysteresis
7 6 8 115 106 0.147
8 8 8 111 102 0.150
9 10 8 112 104 0.133
10 12 8 111 102 0.150
11 14 8 112 102 0.167
12 16 8 110 100 0.168
Table 3. Contact Angles (H2O) of SAMs of Mixed
2-(Alkanoyloxy)ethyl
2′-(1H,1H,2H,2H-Perfluoroundecanoyloxy)ethyl Disulfides
compound
(CH2)n
n
(CH2)2(CF2)n
n + 2 ıa (deg) ır (deg) hysteresis
13 9 9 113 104 0.149
14 10 9 112 102 0.167
16 14 9 112 103 0.150
17 16 9 111 100 0.185
Table 4. Contact Angles (H2O) of SAMs of Mixed Alkyl
2-(Perfluorononanoylamino)ethyl) Disulfides
compound
(CH2)n
n
(CH2)2NHC(O)(CF2)n
n + 4
ıa
(deg)
ır
(deg) hysteresis
dodecanethiol 11 108 98 0.170
21 11 116 108 0.129
18 11 11 114 107 0.114
19 15 11 112 102 0.167
20 17 11 111 99 0.202
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evaluated, and lattice constants were measured. The
incorporation of both alkyl and perfluoroalkyl chains in
the monolayers of 9 and 13 was proven by the unique
lattice constant found for theseSAMs,which is evenbigger
than that for the symmetrical perfluorinated disulfide 5.
The FTIR spectra of the monolayers taken in grazing
incidencewith perpendicularly polarized light3,37 confirm
the interpretation of the contact anglemeasurements. As
substantial absorption is seen for the C-H stretching
vibrations inmonolayersof1-3 (Figure4), thealkyl chains
must be tilted away from the surface normal.3 For
n-alkanethiols the angle has been calculated as ap-
proximately 30-35°.36,38 The environment of the alkyl
chains in monolayers of 1 resembles that of a liquid. In
contrast, for increased chain lengths as in monolayers of
2 and 3 the peak positions of the absorption for the C-H
stretching vibrations indicate a crystalline-like environ-
ment. In Table 5 the assignments for the observed
absorptions are listed. The CdO stretching is barely
observable in the spectra,whichpoints to anearly parallel
orientation of the carbonyl group with respect to the
surface. In the low-energy region of the IR spectra an
additional strong adsorption can be recognized (Figure
5). TheCsOstretching is verypronounced. Additionally,
the progression bands indicate an all-trans conformation
of the alkyl chains for monolayers of 2 and 3.36,39
These progression bands are an excellent tool to study
processes within the monolayer during its formation. In
general, the kinetics of the self-assembly of thiols and
disulfides are fast. The final values of the contact angle
are reached in time scales of minutes with only slight
additional changes within hours. Thickness measure-
ments by means of ellipsometry also confirm the fast
assembly of themolecules intomonolayers.35 The quality
of the layers can be altered afterwards, since it is possible
to obtain the highest resolution scanning tunneling
microscopy (STM) images ofmonolayers ofn-alkanethiols
onlyafterannealingatapproximately50 °C insolution.17,18
For SAMs of compound 2 we are able to directly prove
processes that lead to higher order within the monolayer
at room temperature. The contact angles for SAMs of
compound 2 that were assembled for different times are
shown in Figure 6. The maximum value for the contact
angles is reachedafter 1 or2h. At this time themonolayer
itself is far from being well ordered yet. The progression
bands are not very well developed, as can be seen in the
FTIR spectra (Figure 7). After roughly 24 h the alkyl
chains are to a great extent in an all-trans conformation.
The progression bands become much more pronounced,
and the absorbance is increased. The process that leads
to improved packing of the chains is most probably an
internal process that does not require exchange of
molecules betweenmonolayer and solution. Exchange of
the assembled molecules with disulfides in solution is a
slowprocess.40 Additionally, annealing inair led tohigher
contact angles and thus improved packing inmonolayers
of 1 which were originally of lower quality, as mentioned
above.
In contrast to the orientation of the alkyl chains, the
FTIR spectra of SAMsof5 strongly suggest an orientation
of the perfluoroalkyl chains closer to the surface normal
direction (Figure 8). This has been previously reported
in the literature33,41,42 for monolayers of perfluorinated
thiols on gold. The change in orientation has been
(37) Nuzzo, R. G.; Dubois, L. H.; Allara, D. L. J. Am. Chem. Soc.
1990, 112, 558.
(38) Nuzzo, R. G.; Korenic, E.M.; Dubois, L. H. J. Chem. Phys. 1990,
93, 767.
(39) Hesse, M.; Meier, H.; Zeeh, B. Spektroskopische Methoden in
der organischen Chemie; Georg Thieme Verlag, Stuttgart, 1987.
(40) Offord, D. A.; John, C.M.; Griffin, J.H.Langmuir 1994, 10, 761.
Figure 4. FTIR spectra of SAMs of compounds 1-3 on gold
showing C-H stretching vibrations.
Figure 5. FTIR spectra of SAMs of compounds 1-3 on gold
showing the C-O vibration and the progression bands of the
all-trans alkyl chain.
Figure 6. Kinetics of the monolayer formation of compound
2 shown by contact angle measurements (H2O).
Table 5. Assignment of the Observed Absorptions in the
FTIR Spectra of SAMs of Bis(alkyl) Disulfides
1/ì (cm-1)
assignment 1 2 3 octadecanethiol
îa(CH3) 2967 2966 2966 2966
îa(CH2) 2929 2919 2919 2920
îs(CH3) 2883 2880 2880 2879
îs(CH2) 2855 2851 2851 2851
ä(CH3) (1383) 1392 1390 1383
1385 1384
î(C-O) 1167 1178 1174
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attributed to the larger van der Waals diameter of the
perfluoroalkyl chain compared to thehydrocarbon chains.
Furthermore, fluoroalkyl segments are usually not found
in an all-trans conformation. Their helical conformation
gives rise to special spectroscopic properties.43-45 Com-
pared to isotropic samples, for example a KBr pellet, the
vibrations that are polarized perpendicular to the mo-
lecular axis are relatively weak, whereas the absorptions
atapproximately1335and1375cm-1 areverypronounced.
The peak assignments for monolayers of 5 as well as for
monolayers of 4 and 6 (spectra not shown) are listed in
Table 6. The observed intensities suggest an orientation
close to the surface normal. This is further supported by
the observation of totally different absorbances in SAMs
of 2-hydroxyethyl 2′-(1H,1H,2H,2H-perfluoroundecan-
oyloxy)ethyl disulfide.46 Since it is impossible to generate
a densely packed monolayer from this mixed disulfide,
the perfluorinatedpart of the alkyl chain is tilted. Hence,
there is virtually no vibration detectable at 1375 cm-1,
veryweakabsorptionat 1339 cm-1, but a verypronounced
band at 1257 cm-1.
The molecules in monolayers of the three homologous
series of mixed alkyl perfluoroalkyl disulfides on gold are
all oriented nearly perpendicular on the substrate. The
spectra of a typical disulfide of each series are shown in
Figures 9-11, the assignments for the observed absorp-
tions can be found in Tables 7-9. The perfluorinated
part of themolecules is oriented in a similar way as in the
corresponding symmetrical disulfide, since the absor-
bances of perpendicular and parallel polarized vibrations
are comparable. Moreover, the absorption of the C-H
stretching vibrations is not observed unequivocaly. This
holds true also for the derivatives with very long alkyl
chains like 12, 17, and 20. Very broad peaks with an
absorbance of 2.0  10-4 at the most are sometimes
recognized. As only vibrations with a transition dipole
moment perpendicular to the surface contribute to ab-
sorption, this points strongly to an orientation close to the
surface normal. This observation also rules out the
existence of phase-separated monodomains at room tem-
perature. Monodomains of thiolates containing the alkyl
chains should be tilted and hence be recognized in the
FTIR.
(41) Alves, C. A.; Porter, M. D. Langmuir 1993, 9, 3507.
(42) Liu, G.-Y.; Fenter, P.; Chidsey, C. E. D.; Ogletree, D. F.;
Eisenberger, P.; Salmeron, M. J. Chem. Phys. 1994, 101, 4301.
(43) Peacock, C. J.; Hendra, P. J.; Willis, H. A.; Cudby, M. E. A. J.
Chem. Soc. A 1970, 2943.
(44) Naselli, C.; Swalen, J. D.; Rabolt, J. F. J. Chem. Phys. 1989, 90,
3855.
(45) Chau, L.-K.; Porter, M. D. Chem. Phys. Lett. 1990, 167, 198.
(46) 2-Hydroxyethyl2′-(1H,1H,2H,2H-perfluoroundecanoyloxy)ethyl
disulfide, HO-CH2-CH2-S-S-CH2-CH2-O-CO-CH2-CH2-(CF2)7-
CF3, is prepared similarly to the monoesters described in the Experi-
mental Section.
Figure 7. Kinetics of the monolayer formation of compound
2 shown by FTIR spectra.
Figure8. FTIR spectrumofmonolayer of compound5 on gold.
Figure9. FTIR spectrumofmonolayer of compound9 on gold.
Figure 10. FTIR spectrum of monolayer of compound 13 on
gold.
Table 6. Assignment of the Most Important Observed
Absorptions for C-F Vibrations in the FTIR Spectra of
SAMs of Perfluorinated Disulfides
1/ì (cm-1)
assignment
[polarization with respect
to molecular axis] 4 5 6
î(CdO) 1745 1740
îs(CF2) 1373 1374 1372
îs(CF2) 1345 1338 1336
[perpendicular] 41 1275 1278 1278
îa(CF2) [perpendicular] 1238 1250 1241
î(CsO) 1207 1198 1205
îa(CF2) [perpendicular] 1153 1158 1149
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The SAMs of the mixed disulfide 18 are indistinguish-
able in contact angle and FTIR spectra from monolayers
preparedbyself-assembly fromasolutioncontainingequal
amounts of the two corresponding thiols. In Figure 12
the advancing contact angles for monolayers formed in
solutions of different ratios of dodecanethiol and perfluo-
rononanoic acid (mercaptoethyl)amide,33 compound 21,
are plotted. The overall concentration of molecules was
constant (c ) 3.0 10-4 M). A nearly linear relationship
between contact angle and molar ratio in solution can be
observed. This indicates a nonspecific interaction of each
of the two thiols and the solvent.29 In the monolayers
both molecules are present and allow for intermediate
wetting properties. In the FTIR spectra there is no
indication of tilted dodecanethiolate molecules except for
themonolayers assembled inpuredodecanethiol solution.
Thus, even for the coadsorption there is no hint as to
formationofmonodomainsat roomtemperature, although
the tendency of similar molecules to phase separate is
known from other systems.21,22 In the FTIR (not shown)
the C-F stretching vibrations are observed with roughly
thesameratioofabsorbancesofparallel andperpendicular
polarized vibrations as for the mixed disulfide. The
orientation of the chains seems to be relatively indepen-
dent of the ratio of alkyl and perfluoroalkyl chains. The
investigation of the molecular structure of these coad-
sorbed monolayers by means of AFM is presently under-
way.47
Thermal stability and the possible phase separation in
SAMs of the mixed alkyl perfluoroalkyl disulfides by
means of annealing in air at elevated temperatures are
the subject of a following publication.27 It can already be
mentioned that we do not find by means of AFM any
evidence for phase separation into monodomains after
annealingofSAMsofmixedalkylperfluoroalkyldisulfides
at temperatures of 100 °C in air for several hours.
Conclusion
All the investigated disulfides form ratherwell ordered
monolayers on gold by self-assembly from solution. By
introducing an ester linkage in the hydrocarbon chain,
the preferred packing of the alkyl chain, as known from
n-alkanethiols, is perturbed. For very long alkyl chains
the defect is overcome and crystalline-like packing of the
alkyl chains is possible. The packing of the alkyl chains
in an all-trans conformation is gradually improved after
the contact angles have reached theirmaximumvalue. In
SAMs prepared from the correspondingmixed disulfides,
both alkyl and perfluoroalkyl chains are incorporated.
Even for different chain lengths well orderedmonolayers
are formedwhichexhibit intermediatewettingproperties.
The orientation of both alkyl- and perfluoroalkyl-substi-
tuted thiolates in theseSAMs is close to the surfacenormal
direction. At room temperature there is no indication of
phase-separated tilted monodomains. The average prop-
erties as probed by contact angle measurements and
polarized grazing incidence FTIR are indistinguishable
from monolayers formed by coadsorption from solutions
containing equal amounts of the corresponding thiols.
Therefore, thesemixedalkyl fluoroalkyldisulfidespromise
to be suitable candidates for the investigation of heat-
induced phase separation on the surface.
LA9601418
(47) Since disulfides and thiols with perfluoroalkyl chains and alkyl
chains form latticeswith considerably different lattice constants, small
homogeneouspatchesofkinetically trappedmolecules of onekindshould
be visualized by AFM.
Figure 11. FTIR spectrum of monolayer of compound 18 on
gold.
Table 7. Assignment of the Most Important Observed
Absorptions for C-F Vibrations in the FTIR Spectra of
Selected SAMs of Mixed 2-(Alkanoyloxy)ethyl
2′-(Perfluorodecanoyloxy)ethyl Disulfides
1/ì (cm-1)assignment
[polarization] 7 10 12
îs(CF2) 1374 1374 1374
îs(CF2) 1343 1343 1343
[perpendicular] 1272 1274 1274
Table 8. Assignment of the Most Important Observed
Absorptions for C-F Vibrations in the FTIR Spectra of
Selected SAMs of Mixed 2-(Alkanoyloxy)ethyl
2′-(1H,1H,2H,2H-Perfluoroundecanoyloxy)ethyl Disulfides
1/ì (cm-1)assignment
[polarization] 13 14 17
îs(CF2) 1374 1372 1372
îs(CF2) 1337 1337 1335
[perpendicular] 1274 1273 1272
î(C-O) 1190 1189 1185
îa(CF2) [perpendicular] 1152 1150 1151
Table 9. Assignment of the Most Important Observed
Absorptions for C-F Vibrations in the FTIR Spectra of
SAMs of Mixed Alkyl 2-(Perfluorononanoylamino)ethyl
Disulfides
1/ì (cm-1)assignment
[polarization] 18 19 20
îs(CF2) 1371 1375 1375
îs(CF2) 1335 1335 1335
îa(CF2) [perpendicular] 1223 1225 1227
îa(CF2) [perpendicular] 1153 1153 1150
Figure 12. Advancing contact angles (H2O) for monolayers
adsorbed from solutions with different molar ratios of the
perfluorinated thiol 21 and dodecanethiol (the overall concen-
tration of thiol in the solution was constant, c ) 3.0 10-4 M).
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